Abstract. Electrical power supply interruption caused by severe environmental loads (such as ice storms, snowstorms, cyclones and earthquakes) resulted in great economic losses. The optimal problem of electrical power systems subject to this kind of common cause failures is studied to provide the desired level of reliability with minimum cost. The system reliability is estimated by the universal generating function method, and the optimal model is solved by a genetic algorithm. A numerical example is illustrated to demonstrate the proposed method.
Introduction
Electrical power systems play an important role in our society, and the reliability of electrical power systems is very important. Faced with severe environmental loads, such as ice storms, snowstorms, earthquakes and cyclones, greater challenges are imposed on the reliability and safety of electrical power systems, and the electricity supply may be cut off, which will result in great economic losses. We can strengthen electrical power systems, but this will cost a lot of money that we cannot afford. Then methods of optimizing electrical power systems structures must be taken to improve their ability against disasters with the limited budget.
The failure of lots of transmission towers caused by severe environmental loads is a kind of common cause failures (CCFs). CCFs are the simultaneous failure of multiple components due to a common cause (CC). The origin of CC events includes environmental loads, errors in maintenance and system design flaws. Researchers proposed methods to analyze the reliability of binary systems subject to CCFs [1] [2] [3] . But electrical power systems are multi-state systems (MSSs) which can work in different performance levels from perfect functioning to complete failure [4, 5] . So the optimal problem of the electrical power system is how to analyze the system reliability and optimize the system structure when the MSS consists of multi-state components subject to CCFs. Gregory Levitin [6, 7] have researched the reliability analysis of MSSs subject to CCFs, but the subsystems of MSSs in [6, 7] consist of binary components. Extensive research on reliability optimization of MSSs has been done [8] [9] [10] . Besides, Y. Massim et al. [11] and Rabah Ouiddir et al. [12] researched the optimal problem of multi-state electrical power systems. But the components of MSSs in these papers fail mutually independently, and CCFs are not considered. Up to now, there are few papers including reliability optimization of MSSs subject to CCFs.
In this paper, the reliability of MSSs subject to CCFs caused by severe environmental loads is analyzed, and the optimal problem is solved.
Problem Formulation
General assumptions: (1) The components are non-repairable. (2) All components will fail when severe environmental loads are beyond the design limit of components.
General Description of the Problem. A multi-state system containing N subsystems connected in series is depicted in Figure 1 . There are i h different types of components connected in parallel To analyze the effect of CCFs on the system reliability, assume that subsystem f is subject to severe environmental loads. When the environmental loads are beyond the design limit of components of the subsystem f , all components of this type will fail. The Measure of Electrical Power System Reliability. In electrical power systems, the loss of load probability (LOLP) index is a commonly used measure for reliability estimation. LOLP is defined as the probability that the system cannot supply a given demand load [11] . 
is the probability that the system capacity s G is lower than the demand level
To obtain a measure of the electrical power system reliability, the reliability index
Mathematics Model. The objective is to minimize the cost of the MSS subject to the specified minimum required reliability index 0 E . The optimal model of the system can be formulated as: .
The Reliability Estimation of the System
The Availability of Subsystems without CCFs. The UGF method is widely used in the MSS availability estimation, and it is proven to be very effective for high-dimension combinatorial problems. Based on the UGF method, the MSS availability can be obtained as a function of system structure, performance and availability characteristics of its components [4, 5] .
The UGF of components type j in subsystem i is defined as a polynomial
Where M is the number of possible states;
is the capacity, and the corresponding probability is
G is the capacity of the component.
Define the  operator as
Then the UGF of the subsystem i without CCF can be computed using the  operator consecutively: 
Then the availability of the subsystem i satisfying a given demand level
The Availability of Subsystems with CCFs. When the environmental loads are beyond the design limit of components, all components of this type will fail. Incorporating CCFs into the MSSs, the procedure of reliability estimation should be improved.
In AW  . The Reliability Index of the Electrical Power System. The system is a series-parallel system and consists of subsystems in series. The availability of all the subsystems in the system can be obtained using the UGF method, so the availability of the system is
According to Eq.(2), the reliability index of the electrical power system is
Where s G is the capacity of the system.
GENETIC ALGORITHMS
The optimal model can be solved by GA. To provide an efficient search through the infeasible region but to assure that the final best solution is feasible, the fitness function is defined as the sum of the objective and a penalty function.
Illustrative Example
The following example illustrates the application of the method suggested for solving the problem of electrical power systems. The electrical power system was introduced by Y. Massim et al. [11] . The system is composed of five subsystems connected in series. The electrical power is generated from the station units (subsystem 1) which are multi-state. Then transformed for high voltage (HT) by the HT transformers (subsystem 2) and carried by the HT lines (subsystem 3). A second transformation occurs in HT/MT transformers (subsystem 4), which supply the MT load by the MT lines (subsystem 5).
In this electrical power system, transmission towers are not considered explicitly. To analyze the effect of CCFs caused by severe environmental loads on the system reliability, transmission towers which are used in HT lines (subsystem 3) and MT lines (subsystem 5) are included in this study. So the subsystems 3 and 5 may be suffered from CCFs caused by ice storms. The characteristics of the products available on the market for each type of device are presented in Table 1 . Table 1 we know that, if we strengthen the transmission towers to avoid the CCFs caused by ice storms, we have to invest much more money. Table 2 shows different demand levels for a given period. This is usually known for every system as the cumulative load-demand curve. The minimum demand level is 288MW, which happens mostly in winter. When the components of the system are suffered from ice storms that are beyond the design limit, transmission towers will fail. According to statistics, the probability that 20 mm of ice forms on power lines is about 2% in winter, and the probability of 40 mm of ice forming is about 1%. The objective is to minimize the cost of the electrical power system, subject to the reliability index of the system no less than 0.975 when the performance of the system meets the given demand.
Two situations are studied:
(1) Strengthened transmission towers are used.
(2)None of the strengthened transmission towers (components type 5, 6, 7 and 8 in the subsystems 3 and 5) is used.
The results of reliability optimization of these two situations are listed in Table 3 . The results indicate that the cost of the electrical power system is higher when strengthened transmission towers are selected. So when electrical power systems are built, the transmission towers which can withstand 20~40 mm of ice forming on power lines usually are not used for the purpose of cost saving. But the problem is that, when the ice storm arrives and the ice forming on power lines is above 20 mm, a lot of transmission towers will be pulled down and great economic losses will be caused. If the direct economic losses reach 12 million dollars when the electricity supply is absolutely cut off, the optimal result of the second situation is better. Otherwise, the optimal result of the first situation is better. Table 3 . Convergence results of the two situations
Situation Subsystem
Component choice E S C (Million $)  T1  T2  T3  T4  T5  T6  T7  T8   1 If CCFs are not considered, the reliability index of the system composed of components gained by the two situations is 0.978 and 0.985, respectively. So CCFs reduce the system reliability. If CCFs happen more frequently, the effect of CCFs on the system reliability will be much larger.
Conclusions
The system reliability analysis and optimization of MSSs subject to CCFs has not been researched before. In this paper, a procedure is proposed to analyze the reliability and optimize the structure of the multi-state electrical power system subject to severe environmental loads. This procedure is based on the UGF method and GA, and the method is researched to analyze the reliability of subsystems with CCFs. The results of the illustrative example show that the effect of components redundancy is reduced and the strengthening of transmission towers is necessary when CCFs are considered. To improve the anti-disaster ability of electrical power systems with the limited budget, the structure of the electrical power systems should be optimized and towers of some transmission lines should be strengthened.
